ABSTRACT A chicken growth study was conducted to determine if litter type influenced gut microbiota and performance in broilers. Seven bedding materials were investigated and included soft and hardwood sawdust, softwood shavings, shredded paper, chopped straw, rice hulls, and reused softwood shavings. Microbial profiling was done to investigate changes in cecal bacterial communities associated with litter material and age. Cecal microbiota were investigated at 14 and 28 d of age (n = 12 birds/litter material). At both ages, the cecal microbiota of chickens raised on reused litter was significantly (P < 0.05) different from that of chickens raised on any of the other litter materials, except softwood shavings at d 28. Cecal microbiota was also significantly different between birds raised on shredded paper and rice hulls at both ages. Age had a significant influence on cecal microbiota composition regardless of litter material. Similarity in cecal microbial communities among birds raised on the same litter treatment was greater at 28 d of age (29 to 40%) than at 14 d of age (25 to 32%). Bird performance on the different litter materials was measured by feed conversion ratio, live weight, and feed intake. Significant (P < 0.05) differences were detected in live weight at 14 d of age and feed intake at 14 and 28 d of age among birds (n = 160/treatment) raised on some of the different litter materials. However, no significant (P > 0.05) differences were observed in feed conversion ratio among birds raised on any of the 7 different litter materials at either 14 or 28 d of age. The type of litter material can influence colonization and development of cecal microbiota in chickens. Litter-induced changes in the gut microbiota may be partially responsible for some of the significant differences observed in early rates of growth; therefore, litter choice may have an important role in poultry gut health particularly in the absence of in-feed antibiotics.
INTRODUCTION
The suitability of a range of materials as bedding or litter for poultry has previously been studied (Burke et al., 1993; Grimes et al., 2002 Grimes et al., , 2006 Aktan and Sagdic, 2004; Hermes et al., 2004; Bennett et al., 2005; Atapattu and Wickramasinghe, 2007) . Poultry litter is a mixture of the initial bedding material, feed, excreta, feathers, and other detritus from the chicken. However, both new and reused bedding materials are also referred to as litter. The quality of litter material directly affects the performance, health, carcass quality, and welfare of poultry (Malone et al., 1982; ). An ideal litter material should be dry with high water-holding capacity, but should also be able to release the absorbed moisture quickly for venting to atmosphere. Litter material with too high a moisture level could increase the risk of pathogen microbial growth and increase ammonia production (Carlile, 1984) . Ammonia build-up (produced by bacterial metabolism of poultry nitrogenous waste) adversely affects BW, feed conversion, and livability in poultry (Reece et al., 1980) . Alternatively, increased dustiness, resulting from bedding materials that are too dry, makes the poultry more susceptible to respiratory diseases (Willis et al., 1987) . However, provided that bedding materials are free from fungi and dust, are not derived from toxic plant species, and have not been treated with heavy metals and pesticides, they should not be harmful to poultry. Thus, the choice of material used as bedding depends largely on what is available, suitability, and cost in the localities where chickens are grown. In Australia, single-use bedding is practiced by 70% of the chicken industry (Runge et al., 2007) . Bedding materials commonly used in Australia include shavings and sawdust from soft and hard woods, rice hulls, chopped straw, and shredded paper (Runge et al., 2007) , similar to those described by Grimes et al. (2002) .
Microbial populations within poultry litter have not been extensively studied with the exception of potential human or livestock pathogens (Martin et al., 1998; Terzich et al., 2000; Lu et al., 2003b; Garrido et al., 2004; Bennett et al., 2005) . Many studies on microbial communities in chicken litter have thus focused on culturable bacterial communities and the detection of specific pathogens, such as Salmonella, Escherichia coli, Campylobacter, and Clostridium perfringens (Martin et al., 1998; Bennett et al., 2005; Omeira et al., 2006) , or the presence of antibiotic resistance markers (Lu et al., 2003b) . However, poultry litter is an environmental ecosystem with a range of characteristics (Lu et al., 2003b; Fries et al., 2005; Lovanh et al., 2007) . Microbial diversity has been shown to vary with litter type (Aktan and Sagdic, 2004) and with position in the poultry shed due to physical parameters such as litter moisture, pH, air and litter temperature, and RH (Lovanh et al., 2007) .
Little is known about the direct influence of litter material on the poultry intestinal microbiota, despite poultry being reported to consume as much as 4% of their diet in litter . It is known that diet influences both litter quality (Collett, 2006; Schoyen et al., 2007; van der Klis and Lensing, 2007) and gut microbiota composition (Apajalahti et al., 2001; Torok et al., 2008) . Furthermore, both litter composition (Hetland and Svihus, 2007) and gut microbiota (Torok et al., 2008) have been linked to poultry performance. However, the linkages between litter material, gut microbiota, and performance have not been previously investigated. Therefore, we conducted a chicken growth study to evaluate the influence of different litter materials on the cecal microbiota composition and performance in broilers. This report focuses on the use of terminal restriction fragment length polymorphism (T-RFLP) analysis (Osborn et al., 2000) , a DNA-based method, to examine cecal microbial communities from chickens raised on 7 different litter materials for 14 and 28 d.
MATERIALS AND METHODS

Birds and Housing
All experimental work was approved by the Animal Ethics Committee of the Department of Primary Industries and Resources of South Australia. Seven litter materials were used in this trial to determine the effects on growth, performance, and cecal microbiota composition at 14 and 28 d of age. The chickens were housed in floor pens on litter material to a depth of 75 mm over concrete flooring. A total of 1,120 vent-sexed 1-d-old Cobb 500 broiler chickens (Inghams' Casula Hatchery, Casula, New South Wales, Australia) were allocated in single-sex groups of 40 to 28 pens. Pen dimensions were 1.3 m × 2.6 m and there were 4 replicate pens (2 male and 2 female) per litter treatment (n = 160). To maintain target stocking density (11.8 birds/ m 2 ), morbidity and mortality were replaced up to d 7, amounting to 2.7% of the original birds placed. Birds were raised in a controlled environment. Temperature and ventilation regimens were similar to those adopted by industry with incremental reductions in temperature from 32 to 23°C over the 28 d of the experiment. Daily lighting regimen consisted of 23 h of light (0 to 7 d of age), 18 h of light (8 to 10 d of age), 15 h of light (11 to 27 d of age), and 21 h of light (28 d of age). Feed and water were provided ad libitum. All birds in all treatments were fed a commercial broiler diet in 3 phases ( Table 1 ). The feeding program for males was 0.7 kg of starter, then 1.4 kg of grower, followed by 1.5 kg of finisher. Females were fed 0.7 kg of starter, then 1.1 kg of grower, followed by 1.2 kg of finisher. These programs resulted in birds receiving starter feed from day of placement until d 16, then grower feed from d 17 until 26 or 27, and finally finisher feed until completion of the experiment.
The new litter materials evaluated represented those used in commercial poultry production within various states of Australia and included the following: rice hulls from New South Wales, pine sawdust from Victoria, pine shavings from New South Wales, hardwood sawdust from Western Australia, shredded paper from Queensland, and chopped straw from South Australia. The single batch reused litter was from the Inghams' Leppington facility in New South Wales and was based on pine shavings. The single batch reused litter had been stored in plastic polyweave bags for approximately 1 wk to enable full poultry shed clean out, as is standard practice in Australia between each batch of chickens. Before placement of the subsequent batch of chickens, the reused litter was returned to the shed, stored in a heap, and allowed to compost for 4 wk.
Birds were weighed at placement, d 14 and 28 of age. Feed consumed at each of the above time points was also recorded to enable feed conversion ratio (FCR) to be calculated: FCR = feed consumed/live weight gain (g:g).
Bacterial Profiling of Cecal Samples
DNA Extraction. When chickens reached 14 and 28 d of age, 3 chickens per pen (n = 12/litter treatment) were killed by cervical dislocation and dissected immediately. Cecal contents from individual birds were collected, frozen at −20°C, and then freeze-dried. Total nucleic acid was extracted from chicken cecal contents by a modification (Torok et al., 2008 ) of a proprietary extraction method developed by the South Australian Research and Development Institute (Stirling et al., 2004) .
T-RFLP Analysis. The T-RFLP analysis was done following the technique described by Torok et al. (2008) . Bacterial rDNA was amplified with universal 16S bacterial primers 27F (Lane, 1991) and 907R (Muyzer et al., 1995) . The forward primer (27F) was 5′-labeled with 6-carboxyfluorescein to enable subsequent detection of terminal restriction fragments (T-RF). The PCR reactions were done in duplicate in 50-μL volumes according to Torok et al. (2008) . After PCR, all amplification products were quantified by fluorometry with QuantiT PicoGreen (Invitrogen, Mulgrave, Australia), according to instructions of the manufacturer, in a Wallac Victor 2 1420 multilabel counter (Perkin-Elmer/Life Science, Glen Waverley, Australia). If duplicate PCR varied by less than 20% in fluorescein counts, they were pooled (Torok et al., 2008) . Specificity of PCR products was analyzed by gel electrophoresis on a 1.5% agarose gel and visualized after staining with ethidium bromide. Approximately 200 ng of PCR product was digested with 2 U of MspI (Genesearch, Arundel, Australia) in duplicate following instructions of the manufacturer. The lengths of fluorescently labeled T-RF were determined by comparison with an internal standard (GeneScan 1000 ROX, Applied Biosystems, Melbourne, Australia) after separation by capillary electrophoresis on an ABI 3700 automated DNA sequencer (Applied Biosystems). Data were analyzed using GeneScan 3.7 software (Applied Biosystems). Data points generated by the GeneScan 3.7 software were further analyzed using a custom built database containing queries to validate data points and generate outputs for statistical analysis (Torok et al., 2008) . Queries in the database were used to compare duplicate T-RFLP profiles (aliquots of a pooled digestion per sample) and identify synonymous fragment sizes (±2 bp). The total relative fluorescence between duplicates was used to standardize DNA quantity. Peaks that fell below the background threshold of 50 relative fluorescent units were excluded from further analysis using an iterative method described by Dunbar et al. (2001) . For each sample, a derivative profile was then created from the average position and height of reproducible T-RF. Any T-RF ≥1.5% of the total relative peak height per sample were used in subsequent calculations. The resulting fragments were treated as operational taxonomic units (OTU), representing particular bacterial species or taxonomically related groups of bacteria. 
Statistical Analysis
Univariate ANOVA was used to determine effects of block, litter material, and sex (fixed factors) on bird performance, as measured by live weight, feed consumed, and FCR, using the GLM with differences between litter materials determined by Duncan's multiple range test (SAS for Windows v9.1 software, SAS Institute Inc., Cary, NC).
The OTU obtained from the cecal contents of 168 broiler chickens aged 14 and 28 d were analyzed using multivariate statistical techniques (PRIMER 6, PRIM-ER-E Ltd., Plymouth, UK). These analyses were used to examine similarities in chicken cecal microbial communities associated with litter treatment, sex, and age. Bray-Curtis measures of similarity (Bray and Curtis, 1957) were calculated to examine similarities among cecal bacterial communities of birds from the T-RFLPgenerated (OTU) data matrices, after standardization and fourth root transformation. The Bray-Curtis similarity coefficient is a reliable measure for biological data on community structure and is not affected by joint absences that are commonly found in microbial data (Clarke, 1993) . Two-way crossed analysis of similarity (ANOSIM; Clarke, 1993) was used to test if cecal microbial communities were significantly different between sexes and age groups. One-way ANOSIM was used to test if cecal microbial communities were significantly different between litter treatments at either 14 or 28 d of age. The R-statistic value describes the extent of similarity between each pair in the ANOSIM analysis, with values close to unity indicating that the 2 groups are entirely separate and a zero value indicating that there is no difference between the groups. Similarity percentages (Clarke, 1993) analyses were done to determine the overall average similarity in cecal microbial community composition among birds raised on the same litter material.
RESULTS
Based on univariate analysis of classical growth and performance data, there were some significant (P < 0.05) differences in live weight at 14 d of age, and feed consumption of birds raised on the different litter materials at both 14 and 28 d of age (Table 2) . However, no significant (P > 0.05) differences in FCR were observed among birds raised on any of the litter materials at either 14 or 28 d of age. At 14 d of age, birds raised on the reused litter had the lowest (P < 0.05) live weight (380 ± 7 g/bird) as compared with birds raised on all other litter treatments, with the exception of shredded paper (Table 2 ). Birds raised on hardwood sawdust (399 ± 4 g/bird) and chopped straw (396 ± 6 g/bird) had the highest live weights compared with birds raised on shredded paper (384 ± 6 g/bird) or reused litter (380 ± 7 g/bird).
From day of placement until d 14, feed intake was lower for birds on the single batch reused litter (442 ± 9 g/bird) and shredded paper (446 ± 5 g/bird) as compared with birds raised on either chopped straw or hardwood sawdust (466 ± 5 g/bird). Feed intake for birds 0 to 28 d of age was higher for birds raised on chopped straw (2,138 ± 61 g/bird) compared with all other treatments except hardwood sawdust (Table 2) .
Male birds were found to have significantly (P < 0.001) higher live weight and feed intake and lower FCR at both 14 and 28 d as compared with females (Table 2 ). There was no interaction between litter and sex for performance values.
Based on multivariate statistical analysis, the composition of the cecal bacterial community was significantly different between age groups and litter materials. The global R-value for differences between age groups across all litter materials was 0.362 (P = 0.001), and litter materials across both age groups was 0.121 (P = 0.001). The influence of age and sex of chickens Means within a column with differing superscripts are significantly different at P < 0.05. 1 Values are means ± SEM (n = 4 for litter and n = 14 for sex). ‡Significant sex difference (P < 0.001).
LITTER AFFECTS BROILER CECAL MICROBIOTA on cecal microbial community composition was further investigated for each of the 7 litter materials. Sex was found not to have an influence on cecal microbial community composition (P > 0.05), whereas age was found to have a significant influence on cecal microbial community composition (P < 0.05) regardless of litter material used (Table 3) .
At 14 d of age, the cecal microbial communities of chickens raised on the single batch reused litter were significantly (P < 0.05) different from the cecal microbial communities of chickens raised on any of the other 6 litter material tested (Table 4 ). Other significant differences in cecal microbial communities at 14 d of age were between chickens raised on rice hulls as compared with softwood sawdust, hardwood sawdust, or shredded paper and chickens raised on hardwood sawdust as compared with shredded paper or softwood sawdust. No other significant differences in cecal microbial communities were detected among birds raised on any of the other litter treatments at 14 d of age (Table 4) .
At 28 d of age, there were still significant (P < 0.05) differences detected in cecal microbial communities among chickens raised on single batch reused litter as compared with all other litter materials, except pine shavings (Table 5 ). Other significant differences in cecal microbial communities at 28 d of age were between birds raised on rice hulls as compared with shredded paper or chopped straw and birds raised on softwood sawdust versus chopped straw. No other significant differences in cecal microbial communities were detected among birds raised on any of the other litter treatments at 28 d of age (Table 5) .
Similarity in cecal microbial community among chickens raised on the same litter material was overall low but generally higher for birds at 28 d of age (29 to 40%) than at 14 d of age (25 to 32%).
DISCUSSION
In most locations, chicken growers have limited choices of litter materials due to cost, availability, or both. Therefore, the effect of litter material on broiler performance and cecal microbiota colonization was investigated for 6 different new materials commonly used in various states of Australia including rice hulls (New South Wales), softwood sawdust (Victoria), pine shavings (New South Wales), hardwood sawdust (Western Australia), shredded paper (Queensland), and chopped straw (South Australia), as well as a reused single batch litter material based on pine shavings (Leppington, New South Wales). Choice of litter material was found to significantly influence cecal microbiota composition but did not improve nor impair feed conversion efficiencies in these broiler chickens. Furthermore, significant differences were detected in the cecal microbiota between birds aged 14 and 28 d of age, regardless of litter material on which birds had been raised. The latter is in agreement with previous studies showing that the composition of the gut microbiota can vary with age (Knarreborg et al., 2002; Lu et al., 2003a; Amit-Romach et al., 2004) . The variability in cecal microbiota among chickens raised on the same litter material was higher at 14 d of age than at 28 d of age, suggesting that the cecal microbiota is not stable in young broilers. This Table 3 . Two-way analysis of similarity of cecal microbial communities associated with sex and age for each of the 7 litter materials tested The global R statistic and significance level (in parentheses) are shown for each of the factors for individual litter materials. 2 RH = rice hulls; SWS = softwood sawdust; PS = pine shavings; RSBL = reused single batch litter; HWS = hardwood sawdust; SP = shredded paper; ChSt = chopped straw. NSW = New South Wales; Vic = Victoria; Lepp = Leppington; WA = Western Australia; Qld = Queensland; SA = South Australia. notion was further evidenced by the fact that a greater number of significant differences was detected in cecal microbiota composition among litter treatments at 14 d of age than at 28 d of age. Although choice of litter material did not affect feed conversion efficiencies, it did significantly influence live weight at 14 d of age and feed intake at both 14 and 28 d of age. Birds raised on single batch reused litter had significantly the lowest live weight as compared with birds raised on all other litter treatments except shredded paper at 14 d of age. Rearing birds from day of hatch on single batch reused litter also changed the cecal microbial community composition of 14-d-old broiler chickens relative to that of chickens raised on any of the other 6 litter materials investigated. Reuse of poultry litter, as is commonly practiced in many countries, may have hygiene and food safety implications if undesirable or detrimental bacteria are present within the litter. Declining litter quality with reuse is associated with numerous negative effects, including acting as a reservoir of infectious agents for subsequent flocks (Bennett et al., 2005) . Within Australia, single batch use of litter followed by clean out and disinfection is practiced by the majority of the chicken meat industry (Runge et al., 2007) . Although the reused single batch litter described in our study may not be representative of multiple batch litter reuse as practiced elsewhere, we did show that a used poultry litter, despite having been bagged and partially composted, had a significant influence on broiler performance, as measured by live weight, and gut microbial community composition in the first 2 wk posthatch.
At 28 d of age, cecal microbiota was still significantly different to that of birds raised on all other litter materials, except softwood shavings. Interestingly, pine shavings were the original bedding material used in the single batch reused litter group. The fecal matter from the reused litter may have acted as a microbiological seed, speeding up mature colonization of the cecal microbiota. Furthermore, at 28 d of age, live weight was unaffected by litter type; therefore, reused litter does not necessarily lead to detrimental bird performance. Rearing chicks on used litter or inclusion of used litter in feeding rations has been reported to provide protection against colonization by Salmonella (Corrier et al., 1993) , as well as decreased fecal shedding of Campylobacter jejuni (Willis et al., 1991) . Several significant differences in cecal microbiota composition were detected between chickens raised on various new bedding materials, suggesting that the inherent physicochemical and microbiological properties of the bedding materials were influencing the gut microbiota development. New litter cannot be assumed to be microbiologically sterile. Indeed, in comparisons of new bedding material (straw vs. wood shavings), total aerobic bacterial counts were lower for wood shavings than for straw (Fries et al., 2005) . Furthermore, bacterial population composition varied between these 2 bedding materials before bird placement. Wood can exhibit strong antibacterial characteristics believed to be caused by a combination of hygroscopic properties of wood and the effects of wood extractives (Milling et al., 2005) . In comparisons of wood sawdust (pine, larch, and maple) and plastic chips that had been inoculated with chicken manure, it was demonstrated that enterobacteria, enterococci, and streptococci had the lowest survival rates on wooden samples (Milling et al., 2005) . Furthermore, extracts from different wood types influenced the survival of bacterial community members differently. The diversity of several bacterial populations, such as the Firmicutes and Actinobacteria, was shown to be reduced on pine only as compared with larch, maple, or plastic (Milling et al., 2005) . In hindsight, samples of litter material used in this trial should have been taken for microbial profiling before bird placement. This would have allowed identification of indigenous bacterial species within the litter material, which may have been a potential inoculum for cecal microbiota colonization. Fries et al. (2005) suggested that a uniform microbiota establishes in litter, independent of the type of original bedding. In comparisons of litter based on straw and wood shavings, Fries et al. (2005) found that the bacterial taxonomic groups detected were identical during bird placement and after depopulation, regardless of litter type. However, in a study by Aktan and Sagdic (2004) , litter type was shown to affect the composition of the microbiota, which developed within Several OTU or bacterial species were identified as contributing to the overall differences in cecal microbial community composition among birds raised on reused litter and some of the other litter materials (data not shown). However, no single or a select few bacterial species accounted for a large proportion of these differences. No single bacterial species (OTU) contributed more than 4% to the overall difference in cecal microbial community composition observed. The intestinal microbiota of healthy broilers has been studied in some detail using both molecular and culture-dependant techniques (Barnes, 1979; Mead, 1989; Gong et al., 2002a,b; Lan et al., 2002; Zhu et al., 2002; Hume et al., 2003; Amit-Romach et al., 2004) . One can conclude from these studies that the poultry gut contains a complex microbial community including potentially beneficial, benign, and pathogenic species. The gut microbiota can communicate with each other through complex chemical signals and quorum sensing (Kelly et al., 2005; De Angelis et al., 2006) , as well as with their host (Swift et al., 2000) .
Although little information is available on the influence of litter on poultry gut health and gut microbial community composition, effects of litter treatments on litter microbial community composition have been evaluated (Ivanov, 2001; Line, 2002; Garrido et al., 2004; Bennett et al., 2005) . Litter acidification has been shown to reduce the rate of ammonia synthesis and numbers of ammonifying bacteria, such as Proteus spp., Pseudomonas spp., and E. coli. (Ivanov, 2001) . Litter acidification can also alter the intestinal flora of broiler chickens (Line, 2002; Garrido et al., 2004) . Exposing chickens to acidified litter lowers Campylobacter numbers in the ceca (Line, 2002) and the intestinal bacterial numbers of C. perfringens, Enterococcus spp., and Lactobacillus spp., especially in the ileum without negative consequences on chicken health or performance (Garrido et al., 2004) . Alternatively, litter alkalization can reduce overall aerobic colony-forming units within the litter material and significantly increase weight gain in turkeys, possibly through reduction of low levels of unidentified pathogens (Bennett et al., 2005) .
Litter material does affect cecal microbiota colonization and development in broiler chickens, particularly in comparisons of reused litter with new bedding materials. However, various new bedding materials were also shown to alter cecal microbiota composition of broilers. Although in this study we did not detect significant differences in broiler performance as measured by feed conversion efficiency, litter material was found to significantly affect live weight at 14 d of age but not at 28 d. Younger birds were found to exhibit greater variability in cecal microbiota composition than older birds, indicating a relatively immature gut microbiota at 14 d of age, which was easily influenced by environmental factors such as litter type. These findings may become increasingly important for developing alternative management strategies for promoting gut health and improved poultry performance in the absence of in-feed antibiotics, which have been traditionally used to improve feed efficiencies and decrease the incidence of disease.
